and DNA in solution, the NMR spectra are too complicated for a detailed structure determination. Based on differences in chemical shifts and extensive MD calculations, a realistic qualitative picture of the DNA-cylinder adduct is presented. Several sets of chemical shifts assigned to the protons of the three ligand strands in the cylinder indicate that the iron complex situated in the major groove exhibits restricted rotation on the NMR timescale around the cylindrical axis. The NMR NOE data support a model where the cylinder undergoes both a translational and rotational oscillation in the major groove. The results of an NOE restrained MD calculation indicates that the cylinder induces a 40°bend of the double helix, in accordance with linear dichroism measurements. Other distinct features to be noticed are the very low value of the helical twist (16°) induced at the G 4 C 5 step. Electronic supplementary material to this paper, comprising Figs. S1-S4 and Tables S1-S4, can be obtained by using the Springer Link server located at http://dx
Introduction
While DNA encodes the essential blueprint for life, within biological systems its structure and function are regulated by proteins. These proteins generally achieve sequence-specific code recognition through surface motifs which interact with either the minor or, more commonly, the major groove of DNA in a non-covalent fashion. In the post-genomic environment, the ability to artificially stimulate or prevent the processing of the genetic code is an important goal and offers new opportunities for disease prevention or control. To achieve this, synthetic agents are required that recognize the genetic code in a sequence-selective fashion. Synthetic agents that target the major groove of DNA with recognition through non-covalent surface motifs therefore have the potential to be a powerful new tool. However, to date, little progress has been made in this direction, owing in large part to the size of the molecular surfaces required to achieve this. Indeed, synthetic molecules that do achieve sequence selectivity, such as amide-linked imidazole/pyrrole oligomers which bind in the minor groove [2] , are rare. Oligonucleotides (synthetic and natural) can selectively recognize DNA by forming triplexes through binding in the major groove [3] and neutral oligonucleotide analogues (e.g. PNAs) can achieve similar effects, although more commonly they achieve sequence selectivity through strand displacement [4] .
Metal complexes are particularly attractive vectors for non-covalent DNA recognition because of the cationic charge that the metallo centres can impart, which affords a substantial energetic contribution to the noncovalent binding to anionic DNA. Covalent DNA binding by metal complexes (e.g. cisplatin) has been extensively studied and usually focuses on binding to N7 of G and A residues [5] . Non-covalent binding of metal complexes to DNA is a less well-developed area and has primarily centered around spherical ruthenium polypyridyl complexes and complexes bearing planar intercalating units (or combinations thereof) ( [6, 7, 8] and references therein). Their small size often results in their location in the minor rather than the major groove and also means that they cannot target more than two base pairs. Consequently, they do not afford surfaces best suited to act as scaffolds for sequence-specific recognition. Supramolecular chemistry provides methodology for the design of large synthetic arrays and consequently allows us synthetically to bridge the size-gap between traditional small molecule and larger biomolecule DNArecognition motifs. In particular, we have developed an ''inexpensive approach'' to generate sophisticated supramolecular architectures based on the interaction of metal ions with imine-based ligands [9, 10, 11, 12] . Of particular importance to this work, a synthetic procedure has been described for making tetracationic supramolecular cylinders with a triple helical architecture (Fig. 1) which are just the right size to fit into the major groove of DNA but too big to fit into the minor groove [1, 12, 13] . We describe herein the binding of such a supramolecular metallo cylinder to a DNA oligonucleotide. A preliminary report on this work has recently been published [1] . The present paper describes in detail the results of NMR spectroscopic work and molecular dynamics (MD) calculations for the DNA-cylinder system.
Materials and methods
The synthesis of [Fe 2 L 3 ]Cl 4 (L=C 25 H 20 N 4 ) (Fig. 1) has been described previously [12, 13] . The sodium salt of the deoxyoligonucleotide [d(G 1 A 2 C 3 G 4 G 5 C 6 C 7 G 8 T 9 C 10 ) 2 ] was purchased from Oswel DNA Service and purified by ion-exchange chromatography, desalted and paramagnetic impurities removed using a Chelex 100 column (Sigma-Aldrich). 4 were added to the duplex in five steps to reach a cylinder:duplex ratio of 1:2. This ratio was selected so that no precipitation should occur. NMR spectra were recorded on a Bruker DRX 600 MHz instrument. A combination of throughspace nuclear Overhauser effect spectroscopy (NOESY) and through-bond total correlation spectroscopy (TOCSY) two-dimensional spectra were recorded at 17°C using double pulsed field gradients spin echo water suppression (dpfgsew5) [14, 15] . The data were processed using XWIN-NMR (Bruker) and analyzed using Sparky [16] . All five imino protons involved in Watson-Crick hydrogen bonding were clearly observed in the 1D spectrum for the free duplex (Fig. 2) . The assignments for the imino resonances in the adduct were obtained from a NOESY spectrum.
Based on the fact that the interaction between [Fe 2 L 3 ] 4+ and DNA is expected to be purely electrostatic, we decided to investigate this with molecular docking calculations using the DOCK 4.0.1 suite of programs (University of California, San Francisco) [17] . The duplex geometry of the oligonucleotide was built using standard B-DNA parameters in InsightII (Biosym). Based on NOESY cross-peaks between the cylinder and the duplex, a selected cluster was generated in the major groove. A box with dimensions 14.2·14.1·14.1 (Å ) was constructed around these clusters and a grid calculation were carried out with a grid spacing 0.15 Å . Initially the docking was performed with a sampling size of 10,000 structures. The 15 best results were then energy minimized using a To be able to describe the interaction between the cylinder and DNA in more detail, we needed to investigate the possibility for the cylinder to induce conformational changes in the nucleic acid. Docking simulations are able to include flexibility for the ligands, but not for the receptor. In our case, a reasonable assumption is that the cylinder maintains its geometry with small or no alterations at all, while the nucleic acid, which is relatively flexible, is able to adopt various conformations depending on the surrounding environment. The most adequate method to investigate conformational changes of nucleic acids is MD simulations in explicit solvent [18] . 4+ would demand extensive computational power to perform a complete ab initio study, a geometry optimization was carried out starting from the X-ray structure of [Fe 2 L 3 ] 4+ (Hannon MJ, Painting CL, Alcock NW, Childs LJ, Liu Z, manuscript in preparation), using the semi-empirical PM3(tm) method included in Titan software [19, 20] . We reduced the number of atoms prior to the ab initio calculation by removing the phenylene-methylene bonds and replacing them with hydrogen atoms. Without further geometry optimization these coordinates {now [Fe(C 12 H 10 N 2 ) 3 ] 2+ } were used as the input structure in a single-point calculation using the quantum chemistry software Gaussian98 [21] . Density functional calculations were performed at the B3LYP level of theory, where molecular orbitals were formed in atomic orbital basis 6-31G(d) [22] .
The Merz-Kollman scheme was first applied [23, 24] to calculate the electrostatic potential (ESP) charges. This method led to negative charges on iron(II) and positive charges on the nitrogens. As these charges appeared unrealistic, we decided to calculate the charges using the CHELPG (charges from electrostatic potentialsgrid based) [25] method, creating an electrostatic potential grid suitable as input for RESP (restrained electrostatic potential fitting program in Amber 6.0) [26] . By careful examination of the result, we found that RESP did not alter the charges significantly. With this result in mind, the ESP grid was recalculated with increased density of the grid points (Gaussian98 options 6/33=2, 6/41=10, 6/42=2) and the resulting CHELPG charges applied directly (see Supplementary material, Fig. S2 and Table S4 ). Without having a realistic option to calculate a Hessian matrix and extract force constants for the cylinder from this, we had to rely on previously determined force constants for a system containing Fe(II)-N bonds.
This approach was considered to be appropriate as the geometry of [Fe 2 L 3 ] 4+ is expected to be quite rigid and consequently could be subjected to constraints (NTR constraints) during the simulation. As the basis for the determination of force constants for the iron(II) centers we used the porphyrin model present at the Amber web site [27] . Force constants for the C-C and C-N bonds were determined using the mean bond lengths found for the respective bonds in [Fe 2 L 3 ] 4+ and interpolating between the force constants for pure single and pure double bonds. The other parameters were determined by comparing atom types present in the Parm99 force field recently published by Wang et al. [28] and atom types defined for the cylinder. The parameters were included using the XLeap module of the Amber 6.0 software suite, adding four chlorine ions to neutralize the charge of +4.
All of the subsequent calculations were carried out using the Amber 6.0 software suite [29] . The nucleic acid was built using Nucgen with standard B-DNA parameters. The DNA was then loaded into XLeap using the Parm99 force field and neutralized by adding 18 Na + as counter-ions. [Fe 2 L 3 ] 4+ was docked manually into the major groove of [d(GACGGCCGTC) 2 ] according to the position indicated from both NMR and docking results [1] . The DNA-cylinder adduct was then surrounded by a periodic box of water described by the TIP3P potential [30] extended to 9 Å from any solute atom, containing 5434 water molecules in total. Equilibration of the system was carried out using the Sander program with SHAKE [31] on the hydrogen atoms with a tolerance of 0.0005 Å and a 2 fs time step. A 9 Å cutoff to the Lennard-Jones interactions was applied. After 500 steps of energy minimization, a 100 ps MD simulation was performed, heating the system from 100 K to 300 K over a time period of 10 ps. Subsequently the temperature was reduced to 300 K for the remaining 90 ps using the Berendsen temperature coupling algorithm [32] with a time constant of 0.2 ps. The particle mesh Ewald method (PME) [18, 33, 34] with a charge grid spacing of approximately 1.0 Å was used, interpolating the grid using a cubic b-spline with the direct sum tolerance of 10 -6 at the 9 Å direct-space cutoff. This method with short cutoff can be used for the direct-space interactions while still representing the long-range electrostatic interactions and are typically faster than comparable simulations with atom-based shifts at the cutoff in the 12-14 Å range. The atomic positions of the DNA and the cylinder were fixed. Subsequently, 1000 steps of minimization with 25 kcal mol -1 Å -2 restraints on the DNA were carried out, followed by a 3 ps MD simulation using the same restraints. The 500 kcal mol
4+ were kept throughout the equilibration. The equilibration was continued with five rounds of 1000-step energy minimizations, where the DNA restraints were reduced by 5 kcal mol -1 Å -2 for each run. The final equilibration was carried out with 100 ps of MD, where the system was heated from 100 K to 300 K during the first 10 ps, followed by a 1.0 ns MD simulation on the free oligonucleotide using the resulting structure as the starting structure for the
4+ system. For this system we performed a 1.5 ns simulation where the positional restraints of 500 kcal mol -1 Å -2 for the cylinder were maintained throughout the trajectory. The trajectories were analyzed using the trajectory analyzing modules PTRAJ and CARNAL of Amber 6.0. Visual inspections of the trajectories were performed using visual molecular dynamics (VMD) [35] . Average structures from the trajectories were calculated using the PTRAJ module [29] and no extra processing of the averaged coordinates were performed. The calculations were performed either on a Linux workstation or on a SGI Cray Origin 2000 supercomputer at the University of Bergen. Helical parameters were generated with the program 3DNA [36] and Curves 5.3 [37] .
Results and discussion

NMR results
[Fe 2 L 3 ]
4+ is very soluble in aqueous solution, but owing to the high positive charge and the relatively short 
4+ /DNA ratio of 1:2. Evidently this precipitation is caused by charge neutralization, which has been observed with ditercalinium (a positively charged bisintercalating molecule) complexed to short oligonucleotides [38] and also with binding of simple divalent metal ions (e.g. Hg 2+ ) to duplexes [39] . The stepwise addition of [Fe 2 L 3 ] 4+ to the duplex solution to reach the 1:2 ratio was followed by 1D 1 H NMR. The color of the solution was now deep purple (the color of the cylinder) and there was no sign of precipitation over a period of several months. The base pairing of the oligonucleotide was maintained, as confirmed by the presence of Watson-Crick imino protons both in the free and complexed form of the duplex (Fig. 2 ; see also Supplementary material, Fig. S1 and Table S1 ). It should be noted that several attempts were made to prepare samples with higher concentrations of the cylinder involving extensive stirring, the use of various co-solvents and different salt concentrations. However, these attempts were not successful.
Since the solution contains both free and complexed DNA, the resulting NMR spectra are quite complex and difficult to analyze. However, we were able to assign the majority of the signals belonging to both the free and bound DNA. The two-fold symmetry of the central part of the palindrome is lifted upon coordination with [Fe 2 L 3 ] 4+ . This is clearly seen in the TOCSY spectrum (Fig. 3) , where the number of cross-peaks originating from the coupling between H5 and H6 on the cytosines C3, C6 and C7 increased from three to six (C3II is overlapped with C3). Thus, we were able to assign a double set of nucleotide resonances, which are labeled I and II. This change in symmetry has also been observed for other groove binding and intercalating molecules [40, 41, 42] . The fact that relatively narrow linewidths are observed for the resonances of the DNA-cylinder indicates that this adduct is quite stable. This is in agreement with an ethidium bromide (EB) fluorescence competition binding assay previously performed by Rodger et al. [13] , showing that [Fe 2 L 3 ] 4+ has a binding constant towards DNA that is higher than EB (in the order of 10 7 M -1 ). Variations in chemical shift between free and bound DNA (Table S1 and As the interaction between the cylinder and DNA is primarily electrostatic, it is likely that the chemical shift effects found for the nucleotide protons are induced either by conformational changes to the DNA and/or influence by ring current effects generated by the proximity of the six phenyl groups of the [Fe 2 L 3 ]
4+ ligands. In a double helical environment the position of sugar proton resonances from H2¢ is mainly affected by the ring current and magnetic anisotropy of the base attached to this sugar [43] . Furthermore, it has been suggested that the H2¢ signal should be rather sensitive to deviations from a regular double helical conformation [43, 44, 45] . For example, a large upfield shift of H2¢ in a cis-platinated duplex was attributed to shielding by the destacked adenine base of the kinked structure [45] . It is now well established that Y-R steps (Y=pyrimidine, R=purine) like CpG are geometrically flexible [46] and several studies have shown that CpG steps are involved in DNA bending [47, 48] . Since linear dichroism shows that very low loading of [Fe 2 L 3 ] 4+ has a dramatic bending effect on the DNA [1] and atomic force microscopy images show that this is an intramolecular effect resulting in coils of DNA [1] , it is interesting to look for similar bending patterns in the NMR data. The H2¢ resonances of the central residues G5II and C6I of the adduct display significant upfield shifts, in accordance with a bent structure found by other methods (vide supra). However, similar upfield shifts are also observed for the corresponding H2¢¢ resonances. Thus, the proximity of the cylinder ligand containing six ring-currentproducing phenyl groups prevents a quantitative conformational analysis based on chemical shifts.
The sequential walk between base protons and the H1¢ protons are shown in Fig. 5 for the free duplex and for the two strands I and II in the adduct. Every expected cross-peak is present (though partially overlapped), but the intensity of the cross-peaks in the central region is decreased. This is most noticeable for the cross-peaks G5I H1¢ to C6I H5 and C6II H1¢ to C7II H6.
The chemical shift data and intramolecular NOEs originating from [Fe 2 L 3 ] 4+ are presented in Tables S2  and S3 , respectively. Five different sets of signals (S1-S5) were observed for the cylinder. Based on rotating frame Overhauser enhancement spectroscopy (ROESY) data from the free cylinder, we were able to assign the 1 H shifts with respect to their position in the ligands. It should be noted that the set S5 has a noticeable lower intensity than the sets S1-S4. However, owing to the equivalence of the ligand strands and the presence of slow exchange, we were not able to determine from which of the three ligands strands the different sets were originating. These sets displayed minor variations of the intensities in the NOESY spectra of the system, but the chemical shifts from the different sets of the cylinder protons were, with a few exceptions, overlapped with either cylinder protons or DNA protons.
The NOE contacts (Table S3) 
Docking results
The binuclear iron(II) cylinder is an enantiomeric molecule and both forms are present in solution. Recently we were able to separate the two enantiomers [49] and tests against DNA using linear dichroism (LD) show that the left-handed enantiomer displays the highest activity towards DNA. By utilizing simple molecular modeling, the left-handed enantiomer was found to fit the major groove of a right-handed B-DNA much better than the right-handed form. To further test whether the major groove of DNA is a likely coordination site for [Fe 2 L 3 ]
4+ or not, we performed molecular docking calculations using DOCK 4.0 [17] . At this stage the canonical B-DNA version of [d(GACGGCCGTC) 2 ] as the receptor for the cylinder was used. The docking calculations were performed using two kinds of scoring functions: contact score (molecular shape complementarity) and energy score [50] (based on non-bonded terms of the Amber force field). Among the 15 top-scoring results with respect to contact score, 10 complexes were almost superimposed in the middle of the major groove (spanning C3 to G8). The other five were spanning G4 to T9. The results calculated with respect to energy score were not that homogeneous. Here, only three out of 15 complexes were located in the middle of the groove. The six topscoring complexes were all located between G4 and T9. A closer inspection of the results showed that the intermolecular van der Waals energy was the dominating factor with respect to the energy score. The three complexes in the middle of the groove all have favorable values for the intermolecular electrostatic energy but correspondingly higher values for the intermolecular van der Waals energy. The left-handed enantiomer of [Fe 2 L 3 ]
4+ displays a remarkable fit in the groove where two of the pyridine rings of ligand strands L 1 and L 2 ''follow'' the base geometry of the two nucleotide strands (see Fig. S3 ).
MD calculations: free DNA and DNA-cylinder adduct Initially, MD calculations were carried out for the free DNA duplex in order to check any sequence-specific structural deviations from regular B-form DNA. The averaged structure from the last 200 ps of the 1.0 ns trajectory of the free duplex displays a number of interesting features (Fig. S4) . The structure is characterized by a wide major groove in the central part and a moderate bend (10.3°). Other features of the structure are negative x-displacement values for all base pair steps, except at the ends, and positive tip and roll values for the two CpG steps.
The parameters developed for [Fe 2 L 3 ] 4+ were primarily prepared to account for the charge of the complex. Reasonable force constants were extracted by comparing the geometry for atom types included in the latest force field published for Amber [28] and with the atoms in [Fe 2 L 3 ] 4+ . The results of a relatively short MD test run (150 ps) showed that the coordination geometry around the two irons changed from the pseudo-octahedral geometry found in the X-ray structure (Hannon MJ, Painting CL, Alcock NW, Childs LJ, Liu Z, manuscript in preparation) to a geometry best described as a compressed octahedron. However, these differences are hardly significant and further MD calculations were carried out using positional restraints for the cylinder to maintain the X-ray structure during the simulation. We also know from spectroscopy (e.g. UV-vis and CD) that any changes in the helicate structure are at best minimal.
Snapshots of the 1. 2 ] system clearly show that the cylinder has a dramatic influence on the conformation of the oligonucleotide (Fig. 6) . A more detailed analysis of the simulation process is given in Figs. 7, 8, 9 . The most remarkable feature is the bending of DNA, which was (Fig. 7) . The bending reaches a maximum of 38.9°at 496 ps, but decreases significantly over the next 150 ps. During the following 700 ps the DNA displays a distinct stretched structure (Fig. 6) . With no anchoring restraints imposed, the cylinder is seen to move away from the initial coordination site during the long trajectory. The animation of the trajectory using VMD shows that the cylinder moves down the major groove, with one end aligning along the phosphate backbone and the other end facing out of the major groove during the last 200 ps. The variation in RMS deviation during the simulation run (Fig. 8) was calculated with the equilibrated structure as a reference and follows the change in curvature, which apparently is the major contributor to the RMS deviation.
NOE-restrained MD calculations
Based on NOESY data alone, it was not possible to carry out a complete NMR structure determination of the DNA-cylinder adduct owing to excessive overlap in the 2D spectra. An alternative approach was to use intermolecular NOE contacts as anchors in a MD simulation. To test this possibility we used a few unambiguous NOE contacts as anchors in an explicit water MD simulation. The same protocol for equilibration as previously described was used, except that the number of minimization steps was increased from 1000 to 2000. The system was left to equilibrate over a period of 50 ps. In this period the system was heated from 100 K to 380 K over a period of 5 ps and then cooled slowly to 300 K over a period of 5 ps. In the remaining 40 ps the system was equilibrated to constant Fig. 6 . Three snapshots taken from the trajectory and the average structure (1360-1500 ps). [d(GAC-GGCCGTC) 2 ] displays a remarkable flexibility during the course of the trajectory. The figure was generated with VMD [35] and Raster3D [51] temperature (300 K). During this simulation the system appeared to reach an equilibrated state. A relatively short production run of 400 ps was then performed. The 4+ and the center of mass of the two central base pairs G 5 -C 16 and C 6 -G 15 during the simulation cycles Fig. 11 . Close-up of NOE contacts between S3 H7 and G4II H8, G5II H8 and C6II H6 Fig. 10 . Averaged structure over the last 200 ps from the 400 ps MD simulation including NOE restraints on the distances between S3 H7 and G4II H8, G5II H8 and C6II H6 
Helical parameters
The helical parameters given in Fig. 13 are calculated for the DNA adduct, free DNA and canonical B-form 4+ induces a noticeable shift of symmetry in the duplex. Thus, the MD simulation supports the lift of symmetry found in the NMR spectra of the system. The wide major groove found in the free DNA is extended even more to accommodate the cylinder (Fig. 14) . Among other distinct features of the structure, which differ from the free DNA, is the low value for the helical twist (16.05°) found for the G 4 pG 5 step. This step also displays a low value for the y-displacement, a high value for the inclination and a very small rise. The G 5 pC 6 step follows the base-pair step parameters of canonical B-DNA with surprising accuracy, but clearly deviates from the results found for the free DNA. Furthermore, the parameters of the G 5 -C 16 and C 6 -G 15 base pairs exhibit distinct differences for stretch, buckle and propeller twist. The C 6 pC 7 step is characterized by a large value for the rise parameter, where the distance between the base pairs is 3.77 Å . During parts of the trajectory, one of the pyridine rings on [Fe 2 L 3 ] 4+ is partially intercalated between C6 and C7. NMR data were not able to confirm this mode of interaction. High values for inclination and rise characterize the C 7 pG 8 step.
Conclusions
We have presented a detailed analysis of the interaction between a binuclear iron(II) supramolecular cylinder and the DNA decamer [d(GACGGCCGTC) 2 ] with the use of NMR, molecular docking and MD calculations, which reveal the potential of this cylinder to act as a major groove binder. The interaction mode of the cylinder is characterized by its ability to induce conformational changes in DNA. This has been shown by a combination of NMR spectroscopy and MD calculations. The development of synthetic major groove binding agents, which recognize the DNA through noncovalent interactions inducing dramatic structural effects, has important implications for genome recognition and we are currently extending our studies to functionalized systems and enantiopure cylinders. Based on the present results, one way to proceed is to attach polar groups to the cylinder to act as either hydrogen-bond donors or acceptors in the major groove involving base nitrogen atoms and/or carbonyl groups. In this way the cylinder could be locked to dsDNA in a sequencespecific manner, depending on the position of the polar groups.
